Hard TiC coating layer is formed on commercially pure titanium by heat treatment in a spark plasma sintering (SPS) mold filled with graphite powder. In case of heat treatment at 1243 K for 3600 s, the obtained thickness of the coating layer is about 10 µm and almost uniform. This coating itself consists of TiC and graphite, and there is no titanium oxide detected by X-ray diffractometer (XRD). Vickers hardness tests have revealed that the hardness of titanium coating is 1600 HV, which is much higher than that of the titanium substrate (130 HV). The hard TiC coating on titanium is considered to be advantageous when applied to load bearing parts of hard tissue replacements. The growth behavior of TiC is parabolic with an activation energy of 218.6 kJ/mol. This value is close to the activation energy of carbon diffusion in TiC. Therefore, the growth rate of TiC is rate-controlled by inward diffusion of carbon in the TiC phase.
Introduction
Titanium and its alloys are characterized by a high specific strength as well as a good biological compatibility. For this reason they are used as biomaterials and they can be applied in many ways such as dental implants. 1, 2) Biomaterials often react with the human body and the reaction products are harmful in some situations.
3) Titanium, however, has generally a low reactivity with the human body combined with a high ability to attach to tissues. One of the weak points of titanium is its poor wear resistance. Titanium implants produce abrasion powder as a result of friction in the human body. According to Hossain et al., this powder is harmful to our health. 4, 5) Therefore, an increase in hardness and wear resistance of titanium is needed.
Many hard ceramic coatings on various metal substrates have been studied in order to improve wear resistance. 69) In the case of titanium, titanium carbide (TiC) coatings produced by physical vapor deposition (PVD) and chemical vapor deposition (CVD) have been studied. 9, 10) TiC has a high hardness, a good biological compatibility and a good ability to attach to the bone and tissue. 11) Thus the forming of a TiC coating on titanium by PVD or CVD is a useful method for improving the wear resistance of titanium-based biomaterials. However, the adherence of the coating on the substrate is not good enough to completely prevent peeling of the coating. 12, 13) In addition, it is reported that the adherence of the PVD produced coating deteriorates during the immersion in a simulated body fluid.
14)
By contrast, carburizing is a well-known method for surface hardening treatment of steel showing a good bondability. 15) In this method hydrocarbon gases such as methane and propane are used. However, gas carburizing takes a long-time and requires high-temperature treatments, which leads to negative effects such as grain coarsening of the titanium substrate. In this study, the authors have applied spark plasma sintering (SPS) method to the gas carburizing treatment in order to reduce the carburization time and temperature. SPS method is a sintering method based on high energy due to plasma which enables short-time and lowtemperature sintering of the powder. This study aims to carburize commercially pure titanium by SPS method and to form a hard carbide coating.
Experimental Procedures
A commercially pure titanium plate with a thickness of 1 mm was used as the substrate material. The purity of the titanium was 99.5%. Small samples with a width of 7 mm and a length of 13 mm were cut from this plate. The samples were polished by using emery paper (#400) and cleaned with ethanol at room temperature for 1200 s using an ultrasonic bath. As a carbon source, graphite powder was used. The purity of the powder was 99.0% and the diameter was about 1 µm.
First of all a graphite die of 40 and 20 mm outer and inner diameter and 40 mm in height was filled with 7 g of the graphite powder. The die's bottom was plugged up by a graphite punch. Then the titanium plate sample was embedded in the powder. In the following step another graphite punch was plugged in the upper hole of the die. After that the die with the punches was set in an SPS machine, as illustrated in Fig. 1 . Then, the powder was pressed unidirectionally at 10.5 MPa in a vacuum chamber at a pressure of 10 Pa, and the die was heated at a rate of 0.83 K/s to a given temperature and held for a given period of time. After holding, the electric power of the SPS machine was switched off, and the graphite mold was naturally cooled inside the vacuum chamber. The holding temperature was set to 1043, 1143 and 1243 K and the holding time was set to 0, 300, 600, 1200, 1800 and 3600 s.
The temperature was monitored on the surface of the graphite die using a radiation thermometer. The sample temperature was evaluated from the surface temperature using a calibration curve obtained in a preliminary experiment.
Pure copper and silver were used as the temperature calibration materials. The temperature described in this paper corresponds to the calibrated one.
After cooling, the samples were sectioned and polished to observe the surface of the cross section using an optical microscope and a scanning electron microscope (SEM). Some of the samples were etched for metallographical investigation using an aqueous solution that consisted of 5 mL of hydrogen peroxide, 2 mL of hydrogen fluoride and 100 mL of distilled water. The thickness of the coating layer was measured using graphic software called Canvas 11.
The chemical composition of the cross section of the samples was analyzed using an electron probe micro analyzer (EPMA) at an accelerating voltage of 15 kV and a probe current of 30 nA.
The crystalline structure was determined on the surface of the samples using an X-ray diffractometer (XRD) with CuK ¡ (tube voltage of 40 kV and current of 40 mA).
The hardness of the samples' surface was evaluated using the Vickers hardness test with an applied load of 25 g and a holding time of 15 s. The hardness was measured at 16 different points on the surface and averaged for each sample. Figure 2 shows a backscattered electron (BSE) image of the cross section of the sample treated at 1243 K for 1800 s by the SPS method. The upper dark part is the resin used for the sample mounting, and the lower bright part is the titanium substrate. The gray part in between is the coating layer which has a thickness of approximately 8 µm. There is no crack at the coating/substrate interface and no peeling of the coating layer occurs. This indicates a good adherence of the coating on the substrate. Figure 3 illustrates the concentration profiles of Ti, C and O obtained by EMPA analysis on a line crossing the interface between the coating and the substrate. Because the coating layer has an approximated composition of Ti : C = 6 : 4, it is considered from a TiC binary equilibrium phase diagram 16) that the coating layer is composed of TiC. Oxygen was detected in the EPMA analysis. The oxygen concentration was slightly high in the titanium substrate, which is considered to be caused by the oxide film formed during the polishing process. The presence of the TiC coating on the surface of the substrate was confirmed by the XRD analysis, as highlighted in Fig. 4 . Figure 4 also shows the presence of graphite on the sample's surface, which is considered to be the residual graphite powder after cleaning the surface.
Results and Discussions

Analysis of the coating layer
In general, titanium is easily oxidized at high temperatures, because of its high reactivity with oxygen. However, the XRD analysis did not detect any titanium oxide peaks in Fig. 4 . This may be because the SPS process was performed in vacuum or because the plasma spark of extremely high temperatures at the titanium surface avoided the formation of oxides on the surface. According to Voudouris and Angelopoulos, oxygen existing in TiC phase inhibits carbon diffusion. 17) The absence of the oxide is advantageous for the growth of the TiC coating layer. Figure 5 shows microstructures of the titanium substrate of samples treated at 1243 K by the SPS method for 0 s (Fig. 5(a) ) and 3600 s (Fig. 5(b) ). Comparison between these microstructures indicates that there is very little grain growth during the heat treatment, which implies that this coating method does not lead to deterioration in mechanical properties of the substrate originating from grain coarsening. Figure 6 shows the Vickers hardness of the surfaces with and without TiC coating. The TiC-coated sample exhibits an excellent hardness of 1600 HV, which is much higher than the hardness of the sample without coating (130 HV). Increase in hardness of titanium-based biomaterials brings about an advantage in the applications to load bearing parts of hard tissue replacements. However, the Vickers hardness of this TiC coating is lower than that of bulk TiC (3200 HV). 18) This difference may originate from the thinness of the coating (10 µm). The surface hardness is generally underestimated due to plastic deformation of the substrate when the hard surface layer is very thin compared to the soft substrate. The surface roughness of the coating could be another reason as well. Figure 7 shows the micrograph of the coating surface after slight polishing. The surface is rough even after polishing, which can be explained by dropping of the residual graphite powder from the surface during polishing. It is possible that the roughness of the surface caused the reduction in surface hardness from the bulk TiC hardness. However, a rough surface can also be regarded as an advantage. Roughness can cause an excellent ability to attach to the bone and cell as it was shown for titanium implants. 14, 1921) 3.3 Growth kinetics of the coating Figure 8 shows the relationship between square of thickness of the TiC coating layer and holding time. The thickness increases with the increases of the holding temperature and time. Moreover, the square of the thickness is proportional to the holding time. That means that the growth of the coating is rate-controlled by diffusion, obeying the parabolic law described by eq. (1).
Properties of the TiC coating
22)
where x is the thickness of the coating, k is the parabolic rate constant and t is the holding time. The parabolic rate constant depends on the temperature, and it is generally described by eq. (2).
where k 0 is a constant, Q is the activation energy and R is the gas constant (= 8.314 J/(mol·K)). Figure 9 shows the Arrhenius plots for the parabolic rate constant of the coating growth. From this figure, the activation energy of coating growth was calculated to be about 218.6 kJ/mol. According to Khina et al., the activation energy of carbon diffusion in TiC is about 240460 kJ/mol and that of titanium diffusion in TiC is about 740 kJ/mol. 23) The activation energy in this study is close to that of carbon diffusion in TiC, which indicates that TiC growth is controlled by inward diffusion of carbon in TiC phase.
Conclusions
In this study, the authors developed an SPS carbonization method of titanium surface. The results can be summarized as follows.
(1) TiC coating layer can be fabricated on commercially pure titanium substrate using the SPS method.
(2) The Vickers hardness of the titanium has quite improved by forming the TiC coating. Therefore, it is expected that the TiC-coated titanium can be utilized as biomaterials having a good wear resistance.
(3) The TiC coating grows by obeying the parabolic law, and the activation energy of TiC growth is about 218.6 kJ/mol. This value is close to the activation energy of carbon diffusion in TiC, which indicates that the growth of TiC is rate-controlled by inward diffusion of carbon in TiC phase. TiC Coating on Titanium by Carbonization Reaction Using Spark Plasma Sintering
